Abstract Amyotrophic lateral sclerosis (ALS) is a chronic neurodegenerative disease characterized by progressive degeneration of the motor neurons in the cortex, brainstem, and spinal cord. The etiology and mechanisms of selective motor neuron loss in ALS remain unknown. Wnt signaling is involved in neurodegenerative processes but little is known about the kinetic changes in Wnt signaling during ALS progression. In this study we used transcriptional microarray analysis to examine the expression of Wnt signaling components in the spinal cords of ALS transgenic SOD1 G93A mice at different stages. We found that ALS onset led to the upregulation of Wnt signaling components and target genes involved in growth regulation and proliferation. We also determined the expression of Wnt inhibitory factor-1 (Wif1) and Wnt4 in the spinal cord of ALS transgenic mice at different stages by Western blot and immunofluorescence analysis. The protein levels of Wif1 and Wnt4 in the spinal cords of ALS transgenic mice were upregulated compared to those in wild-type mice. Moreover, the expression of Wif1 and Wnt4 in mature GFAP? astrocytes was increased at the end stage of ALS. Our findings demonstrate that Wnt signaling is altered by spinal cord neuronal dysfunction in adult ALS transgenic mice, which provides new insight into ALS pathogenesis.
Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive fatal neurodegenerative disease that affects motor neurons in the brainstem, spinal cord and motor cortex [1] . Although the causes of most cases of ALS are not well defined, ALS is characterized by multiple perturbations of cellular function in motor neurons, incriminating excessive excitatory tone, protein misfolding, impaired energy production, abnormal calcium metabolism, altered axonal transport, and activation of proteases and nucleases. The mechanisms underlying neurodegeneration in ALS are multifactorial and involve multiple molecular and genetic pathways [2, 3] . Roughly 20-25 % of familial ALS cases arise due to the mutations in the copper/zinc superoxide dismutase 1 (SOD1) gene [4, 5] . Transgenic mice expressing human mutant SOD1 (mSOD1) develop age-dependent clinical and pathological features closely mirroring those in human ALS and thus provide an excellent model to investigate the pathogenic mechanisms of ALS [6] . Using this mouse model we previously observed significant stem cell proliferation in the spinal cord in response to neurodegeneration in ALS, but the underlying mechanism remains elusive [7] .
Wnt signaling is known to play important role in the regulation of cell survival, proliferation, and differentiation [8] . Wnt signaling is crucially implicated in neurogenesis and neurodegenerative processes such as Alzheimer's disease and Huntington's disease [9] [10] [11] . Recently, the activation of Wnt signaling was shown to stimulate the proliferation and neurogenesis of spinal neural precursors and promote neurite outgrowth. Wnt signaling pathways can be divided into canonical pathway and noncanonical pathway. The canonical pathway is initiated by binding of Wnt to Fzd (Frizzeld)/LRP5/6 (low-density lipoprotein receptor-related proteins 5 and 6) and is mediated by the transcriptional activity of b-catenin. Accumulated cytosolic b-catenin translocates to the nucleus, where it interacts with TCF (T cell factor)/LEF (lymphocyte-enhancing factor) and activates transcription of target genes including Cyclin D1, c-Myc, which then regulate cell fate and morphogenesis. The distinct pathways that are activated by Fzd/Wnt but do not involve b-catenin are referred to as noncanonical pathways, which include Wnt/calcium signaling and planar cell polarity (PCP) pathway [12, 13] . Interestingly, our recent results showed that the expression of canonical Wnt signaling components Wnt3a, b-catenin and target gene Cyclin D1 in mature GFAP? astrocytes was increased in the spinal cord of ALS transgenic mice [14] . Therefore, we hypothesized that Wnt/b-catenin pathway regulates cell proliferation in response to neurodegeneration in ALS. To gain a wide view of Wnt signaling in the pathogenesis of ALS, in this study we examined the expression of Wnt signaling components in the spinal cord of ALS transgenic mice at different stages by transcriptional microarray analysis.
Materials and Methods

Animal and Tissue Preparation
Transgenic hSOD1-G93A mice (The Jackson Laboratory, Bar Harbor, ME, USA) were crossbred. Offspring were genotyped using a polymerase chain reaction (PCR) assay on tail DNA as suggested by the Jackson Laboratory genotyping protocol. All animals were assessed with a set of behavioral tests as described previously. All experiments were carried out in accordance with Institutional Animal Care and Use Committee guidelines. According to our previous study [7] , the mice were initially evaluated at the early symptomatic stage of the disease (95 days). ALS and wild-type mice were anesthetized deeply at the early stage (95 days), middle stage (108 days), or end stage (122 days), and spinal cords were removed. For immunofluorescence analysis, lumbar spinal cords were fixed in 4 % paraformaldehyde overnight at 4°C and then transferred to 30 % sucrose for cryopreservation. Spinal cords were cut into 5 mm coronal segments and embedded with OCT mounting medium. They were further sectioned coronally on a cryostat (CM1900; Leica, Germany) into 10 lm slices. For PCR and Western blotting analysis, lumbar spinal cords were immediately frozen in liquid nitrogen and stored until use.
Gene Expression Profiling PCR Array
Total RNA was isolated from the homogenized frozen spinal cord tissue of the mice using TRIzol reagent (Invitrogen) and then purified using RNeasy Ò MinElute TM Cleanup Kit (Qiagen). The integrity of total RNA was examined by 1 % agarose gel electrophoresis. In addition, the spectrophotometric absorbance of RNA samples at 230, 260 and 280 nm and ratios of D260:D280 and D260:D230 were measured spectrophotometrically (NanoDrop Spectrophotometer ND-1000, USA), to determine the purity and concentration of total RNA. RNA was reverse-transcribed using SuperScriptIII Reverse Transcriptase (Invitrogen), and then quantitative real-time PCR analysis of 84 genes related to Wnt signaling was performed using Mouse Wnt Signaling Pathway RT 2 Profiler TM PCR Array (SA Biosciences, Frederick, MD, USA) following the manufacturer's protocol. Relative gene expression was calculated using the 2-DDCt method, in which Ct indicated the fractional cycle number at which the fluorescent signal reached detection threshold. The normalized DCt value of each sample was calculated using a total of five endogenous control genes. Fold change values were presented as average fold change = 2(average DDCt) for genes in ALS transgenic mice relative to those in wild-type mice. The statistical significance of differences in gene expression between ALS and wild-type groups was calculated using a two-tailed Student's t test (p \ 0.05).
Western Blotting Analysis
Spinal cords were removed and homogenized at 4°C in cell lysis buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 1 % Triton-100, 1 mM EDTA, pH 8.0, 100 lg/ml PMSF, 1:1,000 cocktail). Lysates were centrifuged at 12,000g for 15 min to collect supernatant. Protein concentration in the lysates was measured by the Bradford dye-binding procedure. Proteins were run on 12 % SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad). The membranes were blocked with 5 % milk-Tris-buffered saline Tween-20 at 20°C for 1 h, then incubated with rabbit anti-Wif1 IgG (1:400, Santa Cruz), goat anti-Wnt4 IgG (2 lg/ml, R&D systems), and mouse anti-c-tubulin antibody (1:20,000, Sigma), followed by incubation with peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch). The immunoreactive bands were detected with enhanced chemiluminescence reagents (Amersham Pharmacia Biotech) and analyzed using labworks software (Ultra-Violet Products, Cambridge, UK).
Immunofluorescence
Cryostat sections were blocked by soaking in 5 % normal goat serum for 1 h. Primary antibodies were simultaneously applied overnight at 4°C. The following primary antibodies were used at the suggested dilutions: rabbit antiWif1 IgG (Santa Cruz), rabbit anti-Wnt4 IgG (ProteinTech Group), chicken anti-Tuj1 IgY (Abcam), and chicken anti-GFAP IgY (Abcam). Immunolabelling was visualized using cy3 goat anti-rabbit IgG (Jackson Immunoresearch) and goat anti-chicken IgY-H&L (DyLight Ò 488) (Abcam), and sections were examined by confocal microscopy (Olympus FV500, Japan).
Statistical Analysis
Statistical analyses were performed using SPSS 13.0 for Windows. All data were expressed as means with standard deviations and analyzed using one-way analysis of variance. Differences with p \ 0.05 were considered statistically significant. Hierarchical clustering was performed using MEV software (v4.6, TIGR).
Results
We sought to identify differentially regulated Wnt signaling molecules by comparing the transcription profiles of spinal cord from ALS and wild-type mice at different stages. We only selected transcripts that showed an increase/decrease of at least twofold with statistical significance in ALS mice compared to wild-type mice (Table 1) . At 95 days, total 11 transcripts were identified with statistically differential expression: 8 transcripts were up-regulated and 3 transcripts were down-regulated. At 108 days, total 17 transcripts were statistically differentially expressed: 5 transcripts were upregulated and 12 transcripts were down-regulated. At 122 days, 46 genes were differentially expressed: 45 transcripts were up-regulated and 1 transcript was down-regulated ( Fig. 1) . We found that canonical Wnt signaling molecules including Wnt1, Wnt3a, Wnt7b, and Wnt8a were up-regulated at 95 days; Wnt10a, Wnt16, Wnt2, Wnt3, Wnt7a, Wnt7b, and Wnt9a were all up-regulated at 122 days; while Wnt16 and Wnt8b were down-regulated at middle stage. Meanwhile, non-canonical Wnt signaling molecules such as Wnt4 were up-regulated at 108 days, and Wnt5a, Wnt5b, and Wnt11 were up-regulated at 122 days. Wnt inhibitors and antagonists including Wif1 and sfrp4 were up-regulated from 108 days. Frizzled receptors including Fzd1 to Fzd8 and coreceptor Lrp5 were all upregulated at 122 days. At the end stage of the disease, Wnt target genes including Ccnd1, Ccnd2, Ccnd3, Ep300, Fosl1, NIk, and Pitx2 were all up-regulated.
To confirm that Wnt signaling was activated in the later stage of ALS, we selected Wif1 and Wnt4 to detect their protein levels. Western blot analysis showed highly increased protein level of Wif1 at 108 days (p \ 0.05), which was further increased at 122 days (p \ 0.05) in the spinal cords of ALS mice compared to the wild-type group, but there was no statistical difference at 95 days (Fig. 2a,  b) . Compared to wild-type mice, the spinal cords of ALS mice demonstrated increased levels of Wnt4 protein at 108 days (p \ 0.05), which was further increased at 122 days (p \ 0.05) but not at 95 days (Fig. 3a, b) .
Next we investigated the spatial differential expression of Wnt singlaing molecules in the spinal cord of ALS mice compared to wild-type mice. Immunofluorescence staining showed that Wif1-positive cells were detected in gray matter, white matter, and the central canal in wild-type mice. Wif1 expression in ALS mice was identified in a large number of cells, especially within the gray matter; the vast majority of Wif1-positive cells were in the ventral horn, the locus of neurodegeneration; and a few positive cells were detected in the dorsal horns. Wif1 expression was also detected in ependymal cells around the central canal and the nerve fibers within the white matter. At 108 and 122 days, more Wif1-positive cells were found in ALS mice than in their wild-type counterparts (Fig. 2c, d ). Furthermore, Wif1/Tuj1 and Wif1/ GFAP double immunofluorescence staining were performed to demonstrate the localization of Wif1 in differentiated cells (Fig. 2e, f) . The results showed that in ALS mice most of the Wif1-positive cells were immunopositive for Tuj1, and a few of the Wif1-positive cells were immunopositive for GFAP. However, Wif1/GFAP double-positive cells in ALS mice were increased at middle stage (108 days) and end stage (122 days), compared to wild-type mice.
Wnt4-positive cells were sparsely distributed in grey matter, white matter, and the central zones of the spinal cord in wild-type mice, but not among the ependymal cells around the central canal. At 108 and 122 days, more Wnt4-positive cells were found in ALS mice than in wild-type mice (Fig. 3c, d ). Within the gray matter, a lot of Wnt4-positive cells were detected in the ventral horn, the locus of neurodegeneration. Wnt4 was mainly expressed in Tuj1? neurons, with a small amount in mature GFAP? astrocytes (Fig. 3e, f) . However, Wnt4/GFAP double-positive cells were markedly increased in ALS mice compared to wildtype mice, especially at the end stage (122 days).
Discussion
Substantial evidence suggests that Wnt signaling plays a critical role in determining the balance between neuronal survival and death in a variety of degenerative states [15] [16] [17] . Previous studies have identified differentially expressed and alternatively spliced genes involved in ALS, which function in cell adhesion, immune-inflammatory response and lipid metabolism [17, 18] . These data suggest a multi-factor mechanism in ALS development. Using PCR array, we found that 58 genes associated with Wnt signaling exhibited significant changes of expression in ALS mice compared to wild-type mice. Among them, 15 belong to Wnt ligands, 9 are Wnt receptor or co-receptor, 34 are downstream signaling molecules. In addition, regulators of Wnt signaling are included as well as downstream target genes. These data suggest that different kinds of Wnt signaling components show altered expression in ALS. Wnt signaling is involved in the development of the brain and spinal cord and the extension of numerous subpopulations of sensory and motor neurons. Moreover, some CNS-related diseases in adulthood have been associated with disregulated Wnt signaling [10] . According to our results, the canonical Wnt signaling was upregulated in response to ALS pathological processes, especially Wnt3a at the early stage of this disease. The activation of the Wnt pathway is under tight control through b-catenin degradation and aberrant Wnt signaling may result in abnormal cell proliferation and tumorigenesis. The frizzled secreted ligands (such as Wnt1 and Wnt3a) triggers signaling that leads to the inhibition of b-catenin proteolytic degradation [19] . It has been shown that the upregulation of Wnt3a induced neurogenesis in the neocortex [20] . We have observed previously that Wnt3a mRNA was upregulated from the beginning stage in the adult spinal cord of ALS transgenic mice. In addition, b-catenin is translocated from the cell membrane to the nucleus and subsequently activates the transcription of target gene Cyclin D1 [14] . Our data of PCR array demonstrate that almost all Fzd family and Lrp5 had elevated expression in the spinal cord of ALS mice compared to wild-type mice at the end stage, indicating that Fzds and Lrp5 interpret canonical Wnt signals during the process of ALS disease. Only transcription factor Tcf7 was downregulated during ALS pathology. TCF/LEF members undergo a transcriptional switch from repression to activation. Indeed, the cellular processes are under the control of feedback mechanisms and crosstalk with various signaling pathways such as nuclear receptors and p53 family members to modulate Wnt signaling [21] . In this study, we found that Ccnd1 (Cyclin D1), Myc, Fosl1 and Pitx2, which are representative target genes of canonical Wnt signaling cascade, were upregulated in the spinal cord of ALS mice at the end stage. Myc and Cyclin D1 promote cellular proliferation via cell cycle progression and cell cycle proteins have been shown to be activated after traumatic brain injury and regulate neuron death and the proliferation of astrocytes [22, 23] . Fos-like antigen-1 (Fosl1) is a target gene of the NMDAR-mediated b-catenin signaling system regulating neuronal function [24] . Nemolike kinase (NLK) positively regulates the transcriptional activity of LEF1, which regulates Wnt/b-catenin signaling to control cell proliferation and fate decision [25] . The bicoid-related transcription factor (Pitx2) is rapidly induced by Wnt/b-catenin pathway and is required for effective cell-type-specific proliferation by directly activating specific growth-regulating genes [26] . Taken together, these data indicate the possibility that Wnt/b-catenin signaling promotes the proliferation of astrocyte during ALS, and the increase in astrocytes in response to neurodegeneration is involved in the regulation of neurogenesis.
Wnt also activates non-canonical pathways to regulate planar cell polarity, cell adhesion, and motility [27] . In this study, we found that non-canonical Wnt signaling was also upregulated in the spinal cord of ALS mice at the end stage. Meanwhile, we confirmed that the protein level of Wnt4 was upregulated from the middle stage. Wnt4 can elicit non-canonical pathways, transmitting through the planar cell polarity receptor Fzd6 in murine hematopoietic progenitor cells [28, 29] . In ALS mice, especially at 122 days, the expression of Wnt4 in mature GFAP? astrocytes increased and the expression of Wnt4 in Tuj1? neurons decreased, perhaps due to the loss of neurons at the end stage of neurodegenerative disease. These results suggest that both canonical and non-canonical Wnt pathways are involved in astrocyte proliferation during ALS neurodegeneration. In addition, studies based on SOD1 mice model indicate that non-neuronal cells play important role in neurodegeneration through non-cell autonomous mechanism. The impaired astrocytic functions such as the clearance of extracellular glutamate and the release of neurotrophic factors are implicated in ALS [30] . Recent findings indicate that Wnts released by astrocytes act via canonical Wnt/b-catenin pathway to dictate the neurogenic behavior in the adult CNS both in normal brain or in mouse models of neuodegenration disease [16, 31] . Based on these results, we propose that Wnt signaling may act as a regulatory pathway in spinal cord astrocyte proliferation to modulate neuronal fate commitment or the proliferation of neuronally committed precursor cells. Wnt/b-catenin signaling is regulated at many levels. Numerous soluble antagonists of Wnt signaling, such as secreted Fz related proteins (sfrps), Wnt inhibitory factor (Wif) and Dickkopf homolog-1(DKK-1) have been identified that antagonize Wnt signaling either by blocking the binding of Wnt ligands to the cell surface receptors or by direct interaction with the receptor complex. In addition, Wnt signaling is regulated by a complex network of intracellular feedback loops, such as the expression of canonical Wnt target gene naked cuticle (nkd), which blocks the activity of Dvl/Dsh, or by dual function of the kinases CK1 and GSK3, which act as antagonists at the level of the b-catenin destruction complex, but also act as agonists at the plasma membrane by sequentially phosphorylating LRP6 [32, 33] . We found that Sfrp4 and wif1 were upregulated in the spinal cord of ALS mice, especially wif1 at the middle stage. Moreover, Wif1 expression was markedly increased in ALS mice during the symptomatic stage (108 days). Wif1 is known to be involved in a feedback mechanism to regulate Wnt signaling [34, 35] . Interestingly, we found that the vast majority of Wif1-positive cells were in the locus of neurodegeneration, and Wif1 was expressed predominantly in neurons. It is known that during ALS disease onset and progression, neural progenitor cells in the ependymal zone surrounding the central canal migrate initially toward the dorsal horn, and then to the ventral horn regions, where motor neurons have degenerated [36] . Therefore, these findings suggest that Wif1 may inhibit the neurogenesis process by inhibiting Wnt signaling in response to ALS.
In summary, in this study we demonstrate that Wnt signaling is altered or involved in the pathophysiology of ALS, which provides new insight into the pathogenesis of ALS. However, further studies are needed to characterize the individual role of Wnt signaling components in ALS in order to identify novel therapeutic targets for ALS. 
